The modelling and geometry optimisation of metal-organic complexes of dibenzothiophene have been done to analyse their electronic, optoelectronic, and thermodynamic properties in the gas phase and in solvent phase (Heptane, Chloroform, Dichloroethane, Ethanol, Acetonitrile, Water). The Density functional theory (DFT) has been used to deduce the properties like polarizability (α), dipole moment (μ), first hyperpolarizability (β), second hyperpolarizability (γ), susceptibility (χ), dielectric constant (ϵ), refractive index (n), and thermodynamic properties, using the B3LYP functional and LANL2DZ basis function. The high values of n, χ, β, and α, and the small values of HOMO-LUMO energy gap, and ϵ affirm good optoelectronic and electronic applications for the studied molecules.
Introduction
Earlier, non-linear optical (NLO) materials were majorly based on inorganic crystals but despite having mechanical and thermal stability, they have limited second order coefficients. From recent times potential researches are dwelling upon organic and metal organic NLO materials [1] [2] [3] [4] [5] . For the potential applications in the photonic devices, the search for novel materials having large second order nonlinear optical properties are currently a subject of consideration [6] [7] . Organic molecules being chemically flexible with large and fast nonlinear optical response have already proved to be good materials for nonlinear devices. Because of high NLO susceptibilities, organic and metal-organic complexes are of great research interest [8] [9] [10] . To predict nonlinearity, researchers have studied various organic and organometallic molecular systems [11] [12] [13] . This continued interest in organometallic molecules for large NLO properties has been the motivation for the current work presented.
Of various optoelectronic properties, the electric polarizability is an important property for the investigation of optoelectronic properties of the molecules. It can create an induced dipole moment in a dielectric material in the external electric field's presence. For low electric field case, the formula μ=〈 〉E reflecting linearity of the dipole moment, where μ is the dipole moment, 〈 〉 is the average polarizability, and E is the electric field, defines the polarizability. The behaviour of dipole moment is not linear for the case of strong fields and is given by the relation = + 2 + 3 … where β is the first molecular hyperpolarizability, γ is the second molecular hyperpolarizability. A number of studies have been done to discover these properties for different molecules, like N. S. Labidi et al. [14] studied all-trans hexatriene for the substitution effects on the polarizability and hyperpolarizability, while Y. Atalay et al. [15] studied some donor-acceptor oxadiazoles for linear and nonlinear optical properties using Hartree-Fock method; and S. Zafar et al. studied non-linear optical properties of 1, 4-Diamino-9, 10-Anthraquionone [16] , and many more [17] [18] . There are studies present on NLO properties for natural pigments also [19] .
Page 1 of 9 AUTHOR SUBMITTED MANUSCRIPT -MRX-119564 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
The current work aims to predict the electronic, optoelectronic, and thermodynamic properties of the molecules: Cr-complex of thiol-ended dibenzothiophene (Cr-TED) and W-complex of thiol-ended dibenzothiophene (W-TED), using density functional theory (DFT). These molecules are formed by replacing the dangling hydrogen in dibenzothiophene with the sulphur atom. The resultant molecule the thiol-ended dibenzothiophene (TED) has been used to make its metal complexes [20] [21] . The electronic and optoelectronic properties along with thermodynamic properties of these molecules are studied to judge whether the molecules are appropriate for optoelectronic applications or not. The properties are studied in the gas phase as well as solvent phase. Since experimentalist use the molecules in the solvent and solvent could modify the geometry and the optoelectronic properties of the molecule, the need for solvent phase calculations seems to be more fruitful and realistic.
Computational Methodology
Both the molecules (Cr-TED and W-TED) are optimised using Gaussian 03 software [22] by employing B3LYP functional [23] [24] [25] accompanied by LANL2DZ basis set in gas phase and in solvent phase (Heptane (1.9), Chloroform (4.81), Dichloroethane (10.36), Ethanol (24.5), Acetonitrile (37.5), Water (80.1)). The basis set LANL2DZ has been chosen because of the presence of transition metal in the molecules and hence is applied for both the molecules in order to compare the results at same level of theory. Further, calculations to determine mean polarizability 〈 〉, first molecular hyperpolarizability (β), average second molecular hyperpolarizability 〈γ〉 and isotropy (∆α) of the molecular systems are performed using the same functional and basis set.
Due to the inadequacy of gas phase results of the molecules in describing the solution effect, the solvent effect has been studied using Heptane, Chloroform, Dichloroethane, Ethanol, Acetonitrile, and Water as solvent for the molecules. For this process, the self-consistent reaction field (SCRF) theory [26] is used with LANL2DZ basis set.
For the calculation of optoelectronic properties of the molecules, the conversion factors required to convert atomic units to SI units: 1 Debye = 3.336 x 10 -30 Cm (Coulomb meter), 1 a. u. of α = 1.64878 x 10 -41 C 2 m 3 J -1 , 1 a. u. of β = 8.6393 x 10 -33 esu = 3.206361 x 10 -53 C 3 m 3 J -2 , and 1 a.u. of γ = 6.23597 x 10 -65 C 4 m 4 J -3 [27] [28] . Also, pressure and temperature are set to 1atm and 298.15K, respectively for all the thermodynamic property calculations.
Results

Molecular structure and Geometrical properties
The ground state geometries of the molecules (TED, Cr-TED, and W-TED) optimised using B3LYP functional employing LANL2DZ basis set for the DFT calculations are shown in the The selected optimised parameters presented in Table 1 for Cr and W complex of Dibenzothiophene show almost same values for experimental [29] and theoretical case as depicted by percentage difference values. Now to understand molecular chemical stability and the relationship of Nonlinear optical properties with the molecular structure, the HOMOs, LUMOs, and HOMO-LUMO energy gaps have been studied for both the molecules [30] . The HOMO-LUMO energy gap for the optimised molecules in gas phase and solvent (Heptane, Chloroform, Dichloroethane, Ethanol, Acetonitrile, Water) phase are presented in the Table 2 . It can be observed clearly from Table 2 that the Eg= EHOMO-ELUMO values for both the molecules changes on the inclusion of solvation effects. Also, there is an increment in the HOMO-LUMO gap for solvent phase than gas phase for both the metal complexes with increasing dielectric constant of the solvents. Table 2 The HOMO-LUMO energy gap (in eV) of the molecules: Cr-TED, and W-TED.
Phase
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Energies
The first order energy derivative with respect to the applied electric field gives the dipole moment and represents the strength of the polarity of the molecule. The thermodynamic properties like zero-point vibrational energy, electronic energy (zero-point corrected total energy), entropy, enthalpy, and free energy have been studied for both the molecules (at 1 atm and 298.15 K) and are presented in Table 3 . The effects of solvent phase can be seen on the thermodynamic properties, electronic energies are decreasing with increasing dielectric constants of the solvents, hence molecules are getting stabilized in more polar solvents. 
Polarizability, Hyperpolarizability and Second Hyperpolarizability
The second order energy derivative with respect to the applied electric field is defined as the polarizability of the molecule. A large variety of physical phenomena are explainable with the help of polarizability. Also, experimental difficulties in obtaining reliable values for polarizability arouses the demand of theoretical results. The B3LYP functional with LANL2DZ basis set are used to obtain the tensor components of polarizability, using these components the average polarizability, the anisotropy, and the averaged second hyperpolarizability for the molecules have been calculated. The six polarizability tensor components for a molecule are given as αxx, αxy, αyy, αxz, αyz, and αzz. These are further used to calculate average polarizability 〈 〉 and anisotropy ∆α using the following formulas:
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It can be observed that the dipole moments of the metal complexes have changed on the solvent introduction and increase on increasing polarity of solvents. On comparing the gas phase to solvent phase calculations, one can observe an increment in the magnitude of dipole moment for the solvent phase, with a decrement in the energies.
To understand the relation between the nonlinear optical properties and the molecular structure, it is useful to theoretically determine the hyperpolarizability of the molecule. The nonlinear optical activity of the molecule is measured by hyperpolarizability. From Table 4 , it is found that the polarizability of metal complexes has changed on the inclusion of solvent phase. Also, there is a noticeable change in the values of the polarizability for both the molecules from gas to solvent phase. Also, anisotropy of the molecules has shown an increase in values for the metal complexes on shifting to solvent phase from gas phase. Where, βx, βy, and βz have been calculated using
As is evident from Table 4 , the molecular hyperpolarizability for the Cr complex of dibenzothiophene and W complex of dibenzothiophene has shown a decrease in the values with respective solvent inclusion. Also, an inverse relationship of hyperpolarizability with HOMO-LUMO energy gap, Eg has been observed. This is in conformity with the earlier results reported in the literature. It has also been observed that the values of the hyperpolarizability obtained for the studied molecules (Cr-TED (0.5030 x 10 -30 esu), and W-TED (1.8176 x 10 -30 esu)) are higher in comparison to that of Urea (0.1947 x 10 -30 esu) reported in literature [31] [32] [33] . Urea is the reference molecule which is used in the study of the nonlinear optical properties of molecular structure. On comparing gas phase to the solvent phase, a clear increase in the molecular hyperpolarizability value for both the molecules can be noted. From the Table 4 one can conclude that the polarizability and first hyperpolarizability values for these molecules are sufficiently high to be considered as good option for optoelectronic applications.
The averaged second hyperpolarizability is defined as
Where, γxxxx , γyyyy , γzzzz , γxxyy, γxxzz , and γyyzz are the components of the second hyperpolarizability tensor. The averaged second hyperpolarizability values in gas phase as well as in the solvent phase are presented in Table 4 Page 5 of 9 AUTHOR SUBMITTED MANUSCRIPT -MRX-119564 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t for both the molecules: Cr-TED, and W-TED. From Table 4 , one can conclude that the averaged second hyperpolarizability values have decreased for the metal complexes from gas phase to solvent phase. 
Where , , , , and are the refractive index, molecular weight, density, Avogadro number, and polarizability of the molecule respectively. On inclusion of solvent, shows an increment with increasing dielectric constant of solvents.
Electronic and optoelectronic properties
Depending upon the values of polarizability and dipole moment, the electronic and optoelectronic properties have been calculated. The values of the average electric field E, the polarisation density P, the electric susceptibility χ, the dielectric constant ϵ, the refractive index n, and the displacement vector magnitude D, of the molecules obtained from B3LYP functional with LANL2DZ basis sets are shown in the Table 5 . These values of electronic and optoelectronic properties of molecules are obtained from the given equations in the literature [34] as follows = 〈 〉 , = 〈 〉 , = ϵ₀ , = ϵᵣ − 1, ϵ = ϵ₀ϵᵣ, n = √ ϵᵣ, and = ϵ where all symbols have their respective meanings. Table 5 Electronic and optoelectronic properties, the average electric field E (Vm -1 ), the polarization density P, electric susceptibility , refractive index n, the dielectric constant ϵ, and the magnitude of the displacement vector D of the molecules: Cr-TED, and W-TED.
Page 6 of 9 AUTHOR SUBMITTED MANUSCRIPT -MRX-119564 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t The solvent effect on the molecules is such that the values for P, χ, n, ϵ, and D have changed. Also, a decrease in the values of E is seen for the solvent phase. From Table 5 one can see clearly the high values for susceptibility and refractive index, and small values of dielectric constant, polarization density and the displacement vector magnitude. And, the high value of the refractive index of the molecules is due to their high average polarizability. Also, on comparing the results calculated with other metal complexes, the polarizability and hyperpolarizability values are found to be greater for our complexes. Some metal complexes from literature -Mn(II) complex [35] with α = 43.913 x 10 -24 esu, -Novel Zn(II) complexes [36] with α ranging from 2.07 x 10 -23 esu to 4.92 x 10 -23 esu and β ranging from 0.75 x 10 -30 esu to 2.90 x 10 -30 esu, -Copper(II) complex [37] with α = 53.42 x 10 -24 esu and β = 0.31 x 10 -30 esu, -Bis (Thiourea) Nickel Bromide (BTNB) [38] with α = 275.844 au and β = 60.3088 au, and some other complexes [39] have lower values of α and β than our complexes Cr-TED (α = 58.02 x 10 -24 esu and βtot = 1.51 x 10 -30 esu) and W-TED (α = 60.50 x 10 -24 esu and βtot = 5.45 x 10 -30 esu) and hence are found to be having greater NLO properties, making them more appropriate for electronic and optoelectronic applications.
Conclusions
The molecules Cr-TED, and W-TED have been studied for the optoelectronic properties (dipole moment, polarizability, anisotropy, first molecular hyperpolarizability, polarization density, electric susceptibility, refractive index, dielectric constant, the magnitude of the displacement vector of the molecule) and thermodynamic properties ( zero-point vibrational energy, electronic energy, entropy, enthalpy, and free energy) using DFT method by employing B3LYP functional and LANL2DZ basis set for gas phase and solvent phase (Heptane, Chloroform, Dichloroethane, Ethanol, Acetonitrile, Water). The Eg of studied molecules shows an inverse relationship with hyperpolarizability and referring to Urea (0.1947 x 10 -30 esu) and some other metal complexes, both the molecules have larger values of first molecular hyperpolarizability. Molar Refractivity has been calculated with polarizability. The molecules show second-order optical effects due to their large first hyperpolarizability suggesting potential applications in the field of optoelectronics like charge storage, electroluminescent devices, optoelectronic devices, etc. The molecules come up with high values of refractive index and susceptibility, along with small values of dielectric constant, polarization density and the magnitude of the displacement vector in both gas and solvent phase, leading to optoelectronic properties and applications. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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